Abstract. Interannual variations of tropopause temperature and vertical p-velocity around the tropical tropopause are investigated. Observations show the tropopause temperature (altitude) is higher (lower) over the east side of maritime continent and lower (higher) over the equatorial eastern Pacific during El Niño compared with La Niña. As for the QBO, the tropopause temperature (altitude) is higher (lower) in all longitudes in the westerly phase. A multiple regression analysis shows the combined effect of ENSO and QBO can explain 25 -50 % of the interannual variation. An AGCM simulation agrees with the observation for the ENSO signal. The simulation supports the existence of the stratospheric drain over the maritime continent in the tropopause region and indicates a zonal shift of the upward (downward) motion below (above) the tropopause with ENSO.
Introduction
The tropical tropopause is the entrance of air from the troposphere to the stratosphere, therefore, it is important to investigate its temporal and spatial variations. In general, the zonal mean tropical tropopause temperature (altitude) is low (high) in the boreal winter [e.g. Appenzeller et al., 1996] . Mote et al. [1996] showed a lower stratospheric "tape recorder" signal using UARS water vapor mixing ratio (VMR) data. The signal of low VMR in the boreal winter and high VMR in the boreal summer is consistent with the annual cycle of wave-mean flow interaction in the extratropical stratosphere [e.g., Rosenlof, 1995; Holton et al., 1995] . Highwood and Hoskins [1998] showed horizontal structures of tropopause temperature and pressure and their annual cycles, and their results are consistent with ordinal 100 hPa sonde analyses [e.g. Gage, 1985, 1996] . Simmons et al. [1999] showed horizontal patterns of 90 hPa temperature for January 1982 January , 1983 January , 1997 January , and 1998 and suggested a shift of cold zone into the eastern Pacific region in the El Niño years. Randel et al. [2000] showed ENSO and QBO related variations with NCEP tropopause temperature data.
To explain stratospheric dryness, a "stratospheric fountain" theory was proposed by Newell and Gould-Stewart [1981] . They asserted that ascent through the tropopause must be concentrated chiefly over the "maritime continent" where the coldest tropopause lies. Dessler [1998] raised a question to the theory and showed that zonal averaged sonde data can sufficiently explain low VMR in the lower tropical stratosphere, but it is yet an open issue [cf. Vömel and Oltmans, Dessler for reply, 1999 ]. An analysis of sonde data [Sherwood, 2000] , furthermore, suggested the maritime continent region might be a "stratospheric drain".
In this study, we show the interannual variation of tropopause structure associated with ENSO and QBO using composite and multiple regression analyses. In addition to observational analysis, a GCM simulation is made to investigate the tropopause variation and vertical p-velocity associated with ENSO and further to investigate the path of air into the lower stratosphere.
Data
Dataset used in this study is monthly mean NCEP/NCAR reanalysis data (hereafter NCEP data). In vertical, the NCEP data provides 17 pressure levels (1000-10 hPa) and 2.5
• ×2.5
• in horizontal. Although NCEP data has warm biases around the tropopause after 1979 [Pawson and Fiorino, 1999] , we can estimate tropopause variation in anomalies for each period since these biases are almost constant in time. Because the NCEP data insufficiently express the QBO before 1956, we use the period from January 1956 to December 1999. The monthly mean UK Meteorological Office Global Ice coverage and Sea Surface Temperatures (GISST) data at Niño 3 region (SST3) is used as an index of ENSO. Each data is used as anomalous values and they are divided into presatellite period and postsatellite period to avoid the abrupt jump in the NCEP data [Pawson and Fiorino, 1999] . El Niño (La Niña) composite is calculated as an average for period when the anomaly of SST3 is above 0.8K (below -0.8K). As a representative value of the QBO, we use zonal mean zonal wind at 50 hPa at the equator (U50). The westerly (easterly) composite is calculated for period when the anomaly of U50 is above 5 m/s (below -5 m/s). Since SST3 and U50 have little correlation (-0.058), using these values is convenient.
As a definition of tropopause, we adopt the WMO lapserate criterion. Tropopause temperature and tropopause altitude are estimated from standard pressure levels with interpolating by a cubic spline. As seen in Highwood and Hoskins [1998] and Randel et al. [2000] , the horizontal structure of tropical tropopause, which is calculated from objective analysis data, shows a good agreement with sonde data.
An atmospheric GCM used in this study is the CCSR/ NIES GCM . In the model primitive equations with spectral transform method in horizontal and finite difference method in vertical are used for the dynamical process. Parameterizations for radiation and cumulus convection [Arakawa and Schubert, 1974] and other standard physical processes are included. A T42L50 version of the model (1000 -0.4 hPa, 700m resolution upto the middle stratosphere) is used specifying observed SSTs from January 1956 to December 1999 after a 6-year spin-up with the climatological SSTs. 
Observational analysis
Upper maps of Figure 1 show composites of tropopause temperature for the El Niño years and the La Niña years during December-February (DJF) from 1956 to 1999. The maps are drawn using both pre-and post-satellite anomalies and pre-satellite climatorogy. Over the tropical Pacific, a horseshoe-shaped cold tropopause region extends from the western Pacific to the central Pacific in the La Niña years. In the El Niño years, the cold region shifts eastward and its shape becomes more zonally elongated and meridionally narrow.
Differences between El Niño and La Niña are shown in top maps of Figure 2 . Tropopause temperature (altitude) is lowered more than 4K (higher more than 0.6 km) especially both at 20
• N and 20
• S over the central to eastern Pacific in each season. The eastward shift of the cold tropopause area is caused by the ENSO related eastward movement of convective region. The change in a shape of the cold region can be explained by the fact that the convective region is more confined near the equator in the El Niño years [e.g. Hoerling and Kumar, 2000] . On the other hand, the temperature becomes warmer around 120
• E in the tropics and subtropics. The ENSO signal in June-August (JJA) is similar to that in DJF, although its magnitude is smaller. The northern part of the cold anomaly over the eastern Pacific moves westward in JJA.
Middle maps of Figure 2 show the differences of tropopause temperature between the westerly and easterly phase of the QBO. The anomaly is positive (about 0.5 -1.5K) in the equatorial belt both for DJF and JJA. The sign is reversed in the subtropics. This can be accounted for by the anomalous descending (ascending) motion in the equator (subtropics) associated with the westerly shear of the QBO [Plumb and Bell, 1982; Seol and Yamazaki, 1998 ].
Contributions of ENSO and QBO on the interannual variations of the tropopause structure are investigated quan- titatively by a multiple regression analysis. When SST3 (U50) changes one standard deviation, the maximum change of tropopause temperature is 1.7K (0.7K), and that of the tropopause altitude is 0.3 km (0.1 km). Since the ENSO signal is strong in the boreal winter and weak in the boreal summer, the variation of regression coefficient is larger in DJF than in JJA. The ENSO and QBO can account for 50% of the interannual variability of the tropopause properties in DJF and 25% in JJA (bottom of Figure 2 ).
AGCM simulation
In this section, only the ENSO signal of the simulated results is analyzed because the model does not simulate the QBO. Lower maps of Figure 1 show composites of tropopause temperature by the AGCM simulation with the same period as the observed one (upper maps). The simulated patterns agree quite well with observations both for warm and cold phases of ENSO eventhough the simulation has a cold bias of about 4K. The simulated difference of tropopause temperature between El Niño and La Niña also accords well with the observed difference both for DJF and JJA (Figure 3 ). These good accordances indicate the simulation is reliable for the climatology of tropopause structure and its variation with ENSO. It thus encourages us to use the simulated vertical p-velocity (ω) for investigating whether the maritime continent is the stratospheric fountain or a drain and where the tropospheric air enters into the stratosphere.
We focus on the tropical Pacific region in DJF, hereafter. Tropopause pressure is about 93 hPa over this region and season. There is an upward motion from Indonesia to dateline during La Niña in the upper troposphere, and the as- cent area extends into 120
• W during El Niño (not shown). Figure 4 shows the composite ω at 90 hPa just above the tropopause. In the La Niña years, downward motion over the maritime continent (105
• E∼ 125
• E) and surrounding upward motion accord well with Sherwood [2000] and it suggests the existence of a stratospheric drain. The descent area shifts eastward and weakens in the El Niño years. The horizontal structure of ω can not be explained by a dynamical response to the tropospheric convective heating as Highwood and Hoskins [1998] , because ascent is expected above convective heating from the dynamic response. The descent over the maritime continent exists between ∼103 hPa and ∼72 hPa (the tropopause region). Uppermost tropospheric cloud causes a longwave cooling not only at the cloud top but also at the tropopause region. This reduction of a radiative heating and a cold advection from the eastern region can be balanced with a heating due to the downward motion around the tropopause region over the maritime continent. As Sherwood [2000] proposed, cooling due to the irreversible mixing of overshooting convective clouds may also contribute to the downward motion in the real atmosphere.
There are two strong ascent areas in the subtropical Pacific region around the dateline where radiative heating is dominant. These areas also shift with ENSO. Figure 5 shows the composite of difference in ω between El Niño and La Niña, which is averaged between 9.77
• S and 9.77
• N, in DJF. At 120 hPa, a positive anomaly is seen over the western Pacific and a negative anomaly over the central and eastern Pacific. This anomaly pattern at 120 hPa can be easily understood by the eastward shift of the convective heating region associated with El Niño. At 70 hPa, the pattern is almost opposite to 120 hPa, although the magnitude is small and zonal extent is narrow. The pattern at 70 hPa can not be explained by convective heating nor dynamical response to the tropospheric convection. The change can be accounted for by radiative heating. The dominance of long wave radiative cooling over short wave heating at 70 hPa (not shown) suggests that this anomaly is mainly forced by the eastward shift of high-cloud region associated with El Niño.
Summary and Discussion
Interannual variations of tropopause temperature and vertical p-velocity around tropopause are investigated. Tropopause temperature (altitude) is low (high) at 20
• S and 20
• N over eastern Pacific region and high over the maritime continental and subtropical region during El Niño. During the westerly phase of the QBO, tropopause temperature (altitude) is high (low) over the equatorial region. These features were confirmed by a multiple regression analysis. The effect of ENSO and QBO is greater in the boreal winter and lesser in the boreal summer. The ENSO and QBO explain 25 -50 % of the total variance. Some of the residual might be explained by the effect of non-local control from mid-latitudinal wave-mean flow interaction.
The AGCM simulation with observed SSTs showed a good agreement with observation. The simulated ω over the maritime continent showed that the upward motion in the troposphere stops slightly below tropopause and a downward motion becomes dominant in the tropopause region. This supports the idea of stratospheric drain proposed by Sherwood [2000] . Associated with El Niño, the ω at 70 hPa over the Pacific shifted eastward and the anomaly was opposite to that at 120 hPa.
Because of the mean descent in the tropopause region, it is difficult that overshooting convective clouds over the maritime continent transport water directly to the stratosphere above 70 hPa level where the mean motion is upward. Horizontal wind (not shown) suggests that water which crosses the tropopause over the maritime continent can be transported to the subtropical ascent area over the central Pacific after moving around the anticyclone. Further study is needed to confirm this hypothesis. Accurate and spatially dense water vapor data for a longer period may be useful for estimating the source region of water from the tropical troposphere into the stratosphere.
